Recently Raghavan [1] has proposed to measure the gravitational red shift of the electron neutrino and the neutrino mixing angle θ 13 using a tritium-metal matrix source and 3 He-metal matrix target. The line width of the tritium source and capture cross-section in 3 He are enhanced by a combined factor of ∼ 10 11 via the Mossbauer effect. We show how this technique can be used to directly measure the mass of the electron neutrino † PACS nos. 13.15+g, 14.60.Pq, 
The observation of neutrino oscillations at the end of the last century [2] , and the resolution of the solar neutrino problem [3, 4, 5] in terms of the 'large mixing angle' solution for solar neutrinos has lent new urgency to efforts to measure the mass of the neutrino(s). Existing and new experiments such as CUORECINO/CUORE [6] , MAJORANA [7] , and EXO [8] are aimed at the dual goals of observing neutrinoless double beta decay and extracting the effective neutrino mass, the latter depending on the coherent sum of each neutrino mass eigenstate times a phase. One neutrinoless double beta decay experiment claims a 4.2σ signal corresponding to a neutrino mass of (0.2-0.6) eV [9] .
Tritium endpoint [10, 11] experiments put limits on m νe in the range 2.5 eV and cosmological measurements place limits on the sum of the neutrino masses Σm i < 0.66 eV [12] . Raghavan in a recent paper [1] has proposed to use Mossbauer effect in a tritium- 3 He system to measure the gravitational redshift of the neutrino and the neutrino mixing angle θ 13 . We show how the same technique can be used to directly measure the mass of the electron anti-neutrino.
We begin by summarizing the idea of [1] , similar to early work by [13] and [14] . Tritium decay is used as a source of 18.6 keV ν e s and 3 He is the target. Both the tritium and the 3 He are bound in separate, but otherwise equal, metal lattices. The key idea is to use the Mossbauer effect in both the source and target so that the resonance energy condition for capture of the decay anti-neutrino on the 3 He target is automatically fulfilled. The overall increase in the transition rate is estimated to be a factor of 10 11 [1] .
The overall recoilless resonant transition is described by a two-step reaction process for the independent source and target:
Source reaction : T → 3 He + e − ( in a bound state) + ν e
Target reaction : ν e + 3 He + e − ( 1s orbital) → T,
where the ν e emitted in first reaction is absorbed in the separate target via the second reaction. The resultant tritium produced in the second reaction is counted, either directly by extraction from the target, or possibly by real time techniques measuring lattice vibrations when the 3 He is converted to T. By measuring the T production versus the vertical separation of the source and target, the gravitational redshift of the ν e 's can be measured. Similarly, by measuring tritium production versus the horizontal separation of the source and target, the neutrino mixing angle θ 13 can be measured over distances of about ∼ 10 m. We show below by measuring tritium production versus the relative velocity of the source and target we can extract the mass of ν e . As proposed in [1] the T source is prepared by embedding T atoms in a metal matrix: Pd, for example. In the T bound state β decay the electron emitted by the tritium is captured in a bound orbit of its 3 He decay daughter. This decay represents about 0.47% of all tritium decays. The width of the this transition is narrowed when the recoil energy of the nucleus E R = P 2 νe /2M is captured by the crystal lattice in which the tritium is embedded (i.e. the Mossbauer effect). .
In the second step, the ν e emitted in the first reaction is absorbed in 3 He embedded in a separate target. The 3 He captures the ν e from the tritium decay and one of its own 1s electrons to produce T. The target is then interrogated for its tritium content. It is crucial that the 3 He target be constructed such that 3 He experiences exactly the same environment in the lattice as does the tritium so that resonant capture of the decay ν e from the tritium can occur. The cross-section is resonant only when the energy of the ν e precisely equals the the resonant energy for the absorption cross-section on 3 He, and this is energetically only possible when recoil energy of the 3 He in the target (and the T in the source!) is absorbed by lattice in which it is embedded. Hence the 3 He must experience the same chemical and lattice interactions as the T source. This is most readily accomplished when they can occupy the same lattice sites in their separate metal host matrices. According to the estimates of [1] this leads to a achievable line width of ∆E ∼ 3.3 × 10 −13 eV or an relative energy spread of ∆E/E = 1.8 × 10 −17 for the 18.6 KeV neutrinos The resonant capture cross section is given by [1] :
where g 2 0 ∼ 1.2 × 10 −5 for 1s electrons, ρ(E ν e )/MeV) is the number of ν e at the resonant energy, f t 1/2 = 1132 s is the reduced half-life, and d = exp − (3E R /2kΘ 3 ) is the probability for recoilless transitions, with k the Boltzman constant and Θ 3 the Debye temperature of 3 He (or tritium) in the lattice. An estimated Debye temperature of 600 • K yields d ∼ 0.17 for both target and source. The total cross section is then σ/d 2 ∼ 5 × 10 −32 cm 2 , or 10 11 times higher than the typical cross section for inverse beta decay reaction observed in reactor experiments. For a 1k Ci tritium source 10 cm from a target loaded with 100 mg of 3 He the estimated number of tritium atoms created in the target is 15,000 per day [1] .
The line width of ∼ 3.3 × 10 −13 eV can be calibrated via the ν e gravitational redshift ∆ = ghE,
i.e. the height h necessary for the gravitational energy gain/loss (g≡ the local gravitational constant) to equal the line width of the source. For ∆/E = 2 × 10 −17 one line width corresponds to a height of 18 cm, and can, in principal, be measured by positioning the target below the source and varying the separation until the 3 He → tritium transitions in the target disappear. This allows us to calibrate ∆. In the event there is a small offset (of order the line width) between the ν e energy and the resonant energy for capture, the true line width can be determined by taking measurements with the target placed above and below the source and extracting the average value of ∆. If the ν e were massless, then a relative velocity β between the source and target of β = ∆/E would be sufficient to move the source and target out of resonance, and no tritium would be produced. This corresponds to a glacial velocity of βc ∼ 6 nm/sec, or 15 mm in a 30 day run, easily in the range available on modern computer controlled measuring machines and high precision milling machines. For such small displacements, a linear target mover (i.e. Doppler drive) could be used, and may be required to offset small energy offsets of order ∆ between the source and target. The LMA solution to the solar neutrino problem [15] and the limit on the value of the mixing angle θ 13 by the CHOOZ collaboration [16] imply an non-zero mass for the electron neutrino. The continued production of tritium at relative target/source velocity β > ∆/E would be striking confirmation that the ν e has mass different than zero.
To measure the ν e mass we explore further an experiment where the target is moving away from the source (in the horizontal plane) at a velocity β = v/c. In this moving coordinate system, the energy E ′ of the ν e is given by:
where we have neglected terms proportional to β 2 By suitable choice of β the energy difference of the ν e s in the lab and moving frames can be adjusted to equal the line width ∆, previously calibrated via the gravitational redshift, i.e. ∆ = E − E ′ = βP or (7)
Hence we have:
or (12)
Equation 14 is the main result of this paper, the extraction of the ν e mass by measuring the rate of tritium production in the target as a function of the relative velocity between the source and target. For a ν e mass of 1 eV, β ∼ 1.2 × 10 −8 or v∼ 3.5 m/sec. For a popular choice of 0.05 eV for the neutrino mass, the required velocity is 1290 m/sec. These velocities are accessible by rotation of a thin walled cylinder source (or target), with dimensions (height x diameter) that are much smaller than the sourcetarget separation. Typical rotation rates of oder 55 Hz to 20 KHz are required for 1 eV or 0.050 eV masses, respectively. Alternately, the source or target can be vibrated through a small displacement at high frequency. The need for precision temperature control has already been emphasized in [1] .
The rotating cylinder has the advantage that it should provide a small signal (i.e. 3 He → T transitions) both above and below resonance as a check on the stability of the experiment. It may be of concern that the centripetal forces at high rotation rates may alter the environment of the 3 He target atoms in the metal lattice and thereby spoil the resonance. This can be investigated by two targets where one target rotates around an axis pointing at the source, and a second target rotates around an axis perpendicular to the source. Similar ideas apply to vibrating sources. Alternately, the target can be pre-tensioned so that at the nominal rotation frequency the applied forces nearly cancel the acceleration due to rotation. Should real time event detection be realized, it may be advantageous to rotate (or vibrate) the source rather than the target.
In conclusion, based on a recent paper by Raghavan [1] about recoilless resonant neutrino capture, we have devised a new method to directly measure the mass of the electron anti-neutrino. Most of the experimental issues seem tractable. The largest challenge is the detection of the small number of tritium atoms produced in in the target, whether it be by bulk extraction from the target and subsequent separation in a mass spectrometer or via real time detection.
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